Submarine channels have been important throughout geologic time for feeding globally significant volumes of sediment from land to the deep sea. Modern observations show that submarine channels can be sculpted by supercritical turbidity currents (seafloor sediment flows) that can generate upstream-migrating bedforms with a crescentic planform. In order to accurately interpret supercritical flows and depositional environments in the geologic record, it is important to be able to recognize the depositional signature of crescentic bedforms. Field geologists commonly link scour fills containing massive sands to crescentic bedforms, whereas models of turbidity currents produce deposits dominated by back-stepping beds. Here we reconcile this apparent contradiction by presenting the most detailed study yet that combines direct flow observations, time-lapse seabed mapping, and sediment cores, thus providing the link from flow process to depositional product. These data were collected within the proximal part of a submarine channel on the Squamish Delta, Canada. We demonstrate that bedform migration initially produces back-stepping beds of sand. However, these back-stepping beds are partially eroded by further bedform migration during subsequent flows, resulting in scour fills containing massive sand. As a result, our observations better match the depositional architecture of upstream-migrating bedforms produced by fluvial models, despite the fact that they formed beneath turbidity currents.
INTRODUCTION
Turbidity currents transfer vast amounts of sediment from land to the deep sea via submarine channels. Deposits of turbidity currents that filled ancient submarine channels are important because they record past fluxes of sediment, organic carbon, and nutrients. There are few direct observations from turbidity currents in action. Even fewer studies have linked direct observations to detailed time-lapse mapping of seafloor change (e.g., Hughes Clarke, 2016) or sedimentary deposits (e.g., Symons et al., 2017) . This means that links between flow processes and deposits are much debated (e.g., Ventra et al., 2015; Kane and Hodgson, 2015) , with direct implications for reconstructing flows, past environments, and larger-scale sedimentary systems. Here we enable accurate interpretation of these deposits by providing the most detailed study yet of turbidity currents that combines direct flow monitoring, time-lapse seafloor mapping, and sediment coring.
Seafloor mapping has revealed that proximal, sandy submarine channels are often characterized by crescentic bedforms that migrate upstream (Symons et al., 2016) . Flow observations in submarine channels (Hughes Clarke, 2016) have connected these upstream-migrating bedforms to flow instabilities, termed cyclic steps (Kostic and Parker, 2006; Spinewine et al., 2009) , which can occur at the base of supercritical stratified turbidity currents . Such upstream-migrating bedforms are important, as they can enhance sediment transport efficiency (Sun and Parker, 2005) , and may initiate and maintain submarine channels (Fildani et al., 2013; Covault et al., 2014) . Prevalence of these upstreammigrating bedforms on the modern seafloor (Symons et al., 2016) suggests their deposits should be abundant in the geologic record. However, their depositional signature is poorly constrained due to discrepancies between modeling results and outcrop observations. Numerical and physical experiments with supercritical turbidity currents suggest they deposit regular back-stepping (dipping up-slope) beds (Spinewine et al., 2009; Covault et al., 2017) . In contrast, outcrops interpreted as cyclic step deposits are predominantly characterized by scour fills containing massive sand, occasionally in combination with back-stepping beds (Dietrich et al., 2016; Lang et al., 2017; Ono and Björklund, 2017) . Modern analogues for these massive sands are reported in sediment cores collected from crescentic bedforms in Monterey Canyon (offshore California, USA) (Paull et al., 2011) ; and similar bedforms have been associated with cyclic steps on Squamish Delta, Canada (Hughes Clarke, 2016). Integration of synoptic measurements from supercritical turbidity currents, associated bedforms, and deposits from a single system are needed to resolve these discrepancies between model predictions and outcrop observations. between existing experimental depositional models and outcrop observations; and (3) provide diagnostic criteria to identify crescentic bedforms in the geologic record.
STUDY SITE AND METHODS
Three turbidity current channels lie on the Squamish River Delta front, which flows into Howe Sound, British Columbia ( Fig. 1 ). Here we focus on the proximal section of the central channel, which stretches for ~600 m, from 40 to 100 m water depth, and contains crescentic bedforms with a wavelength of 20-30 m and height of 2-3 m. In this location, flow observations show that crescentic bedforms result from supercritical flow conditions at the base of turbidity currents (Hughes Clarke, 2016) . We studied these bedforms in the central channel over three field seasons (2011, 2015, and 2016 ) and now integrate these data to link flow processes with their sedimentary deposits. Ideally, all data would be recorded in the same field season; however, such a data set does not yet exist in any location. Instead, we integrate data collected during three field seasons in which river discharges, turbidity current characteristics, and changes in seafloor morphology were similar (Table DR2 and Figure DR2 in the GSA Data Repository 1 ) (Hughes Clarke et al., 2014; Clare et al., 2016; Hughes Clarke, 2016) .
Flow and Seafloor Observations
Flow dynamics were measured in June 2015 using two vessels. The first vessel was moored using four anchors in a water depth of 60 m ( Fig. 1; Fig.  DR1a ). Three acoustic instruments were suspended 30 m above the seafloor from this fixed vessel, to measure turbidity currents in three dimensions (c.f. Hughes Clarke, 2016; Table DR1 ). Two acoustic sonars imaged flows in both cross section and plan view ( Fig. 2A; Fig. DR1 , Movies DR1 and DR2). A 600 kHz acoustic doppler current profiler (ADCP) recorded flow velocity and echo (acoustic backscatter) intensity counts, imaging the current every 3.5 s (Fig. 2C ). The second vessel enabled mapping of the 250 × 100 m study area every 12 min ( Fig. 2B) using an EM710 multibeam system operating at 70-100 kHz. This repeat survey enabled seafloor changes (e.g., bedform migration) to be directly related to turbidity current measurements.
Sedimentary Deposit Observations
Depositional architecture resulting from successive flows was computed using time-lapse seafloor surveys collected in 2011. This data set comprises 93 weekday repeat bathymetric maps of the bedform-covered channel floor (Hughes Clarke et al., 2014) . By subtracting each bathymetric survey from the previous day, we detected temporal changes in seafloor elevation during a 4 month period. Sediment gains and losses were then stacked to reconstruct the stratigraphic evolution associated with the upstream-migrating bedforms (Fig. 3A) .
Finally, a series of closely spaced cores were collected in June 2016 across two crescentic bedforms (Fig. 3B ). These cores were logged visually and photographed to document the sedimentary facies that characterize upstream-migrating bedforms.
RESULTS

Flow Monitoring and Seafloor Morphological Change
Here we focus on an individual flow monitored on 15 June 2015 in the central channel ( Figs. 1 and 2 ). This 15 min flow was characterized by a maximum frontal velocity of 2 m/s, a maximum thickness of 7 m, and a maximum width of 100 m (Figs. 2A and 2C; Movies DR1 and DR2). Echosounder images show that the leading edge of the flow accelerated over the steep lee side of the bedforms ( Fig. 2A ; Movies DR1 and DR2). This flow has similar properties to flows previously observed in the northern channel (velocity, dimensions, and duration; Table DR2 ). It caused similar movement of bedforms to those shown to result from cyclic steps at the base of supercritical turbidity currents in the 2013 surveys (Hughes Clarke, 2016). Detailed seafloor mapping was conducted simultaneously with the flow observations on 15 June 2015. The observed flow is linked with up to 1.5 m of upstream bedform migration ( Fig. 2B ). Deceleration of the flow promoted deposition of 0.25-0.5-m-thick upstream-dipping beds of sediment on the stoss side of bedforms, as shown in the 12 min difference maps (Fig. 2B ).
Deposit Geometry (Seafloor Difference Maps) and Facies (Cores)
Four months of near-daily bathymetric surveys in 2011 allow us to study the stratigraphic architecture that results from upstream migration of crescentic bedforms (Fig. 3A) . The uppermost part of the stratigraphy (Fig. 3A) contains up to 3-m-thick successions of back-stepping beds. Individual back-stepping beds are 0.1-0.5 m thick. These back-stepping beds result from the most recent turbidity current depositing sediment on the stoss side of bedforms, causing bedforms to migrate upstream. Occasionally, large flows cause more significant upstream bedform migration, and erode the seafloor more deeply, producing thicker (1 to 2.5 m) backstepping beds (see Fig. DR3 ). The lower portion of these thicker backstepping beds is preserved typically as 1-2-m-thick scour fills, as seen in the lower part of the final stratigraphy ( Fig. 3A; Fig. DR3 ).
Lastly, we used a set of piston and box cores to sample the sedimentary facies that are associated with both back-stepping beds and scour fills (Fig.  3B) . The sediment cores all contain multiple units of massive sands, which are ungraded to poorly graded, and lack visible sedimentary structures (e.g., laminations). The uppermost sands in two box cores were faintly laminated (cores 8 and 9; Fig. 3B ). The uppermost parts of piston cores can be lost or disturbed during coring, potentially explaining the lack of laminations. Contacts between beds are typically sharp and erosive. Individual beds are therefore inferred to result from individual turbidity currents. Core bases are commonly characterized by 1-2-m-thick sand beds, which likely record infilling of deep scour fills during large flow events. The tops of cores display amalgamated sand beds with thicknesses that correspond to those of backstepping beds recorded by repeat bathymetric surveys (0.1-0.5 m; Fig. 3A ).
DISCUSSION
Comparison with Existing Models
Cyclic steps and their deposits have been modeled both in turbidity current settings (e.g., Fildani et al., 2006; Spinewine et al., 2009; Kostic, 2011; Cartigny et al., 2011; Covault et al. 2017 ) and in fluvial settings (e.g., Yokokawa et al., 2009; Vellinga et al., 2017) . Surprisingly, and as described below, our observations better match the depositional architecture of cyclic steps produced by fluvial models rather than those produced by turbidity current models.
Studies of turbidity current bedforms have focused either on the depositional architecture (e.g., Spinewine et al. 2009; Kostic, 2011; Covault et al., 2017) , or on the facies characteristics (e.g., Migeon et al., 2001; resulting from cyclic steps. Existing architectural models predict regular back-stepping beds that form via deposition by the thick and slow part of the flow on the stoss side of bedforms. Our observations ( Fig. 4) are consistent with this model, as they show back-stepping beds in the uppermost part of the stratigraphy. However, we also show that these back-stepping beds are subsequently eroded, as bedforms continue to migrate upstream. Thus, ultimately, only the lowest parts of the thickest back-stepping beds are preserved as scour fills. An existing model of cyclic step facies relates the thick and slow part of turbidity currents, located downstream from hydraulic jump, to laminated sands (Bouma's T b ; Bouma, 1962) . This model suggests that massive sands (Bouma's T a ) can be formed near the hydraulic jump. In agreement with this model, our cores contain units composed of visually massive sands (Fig. 3B) . However, in contrast to the model, these cores do not contain continuous units of laminated sands visible to the naked eye (Bouma's T b ). The lack of such laminated sand units suggests that near-bed sediment concentrations of individual turbidity currents were sufficiently high to suppress turbulence, thereby depositing massive sands (e.g., Sumner et al., 2008) .
Previous models in fluvial settings demonstrate that aggradation rate affects deposit characteristics in supercritical flows (Yokokawa et al., 2009; Vellinga et al., 2017) At one end of the spectrum, high net aggradation rates produce regular back-stepping beds; at the other end of the spectrum, low net aggradation rates produce scour fills. The only geometries preserved in our final stratigraphy are scour fills that result from large flows. Based on analogies with fluvial models, we infer that large flows produce higher aggradation rates, thus producing thicker sands that have better preservation potential.
Recognition of Supercritical Flow Deposits in the Geologic Record
We synthesize the three data sets into a single block diagram to illustrate the relationships among flow, seafloor morphology, and subsurface deposit architecture (Fig. 4) . This diagram provides diagnostic criteria to recognize crescentic bedform deposits produced by cyclic steps beneath sandy turbidity currents. Deposit architectures can range between two end-members: (1) regular back-stepping beds that correspond to a morecomplete preservation, and (2) scour fills containing massive sands that correspond to less-complete preservation. The preservation potential of these bedforms depends on both the magnitude of the turbidity currents and net aggradation rates. Comparable architectures have been described in many paleo-environments, such as deltas, submarine channels, and glaciolacustrine settings (e.g., Ponce and Carmona, 2011; Lang and Winsemann, 2013; Ventra et al., 2015; Bain and Hubbard, 2016; Dietrich et al., 2016; Lang et al., 2017; Ono and Björklund, 2017) . For example, individual 1-2-m-thick and 5-15-m-long scour fills containing massive sandstone have been observed in multiple outcrops worldwide ( Fig. 3A ; Table DR3 ; Lang and Winsemann, 2013; Bain and Hubbard, 2016; Dietrich et al., 2016; Lang et al., 2017) . These examples also feature back-stepping beds that are 0.5-3.0 m thick and 10-40 m long ( Fig. 3A; Table DR3 ). We infer that these examples formed from supercritical flows with variable net aggradation rates and magnitude, since they show both back-stepping beds and scour fills composed of massive deposits. Outcrops characterized exclusively by back-stepping beds that are suggestive of purely aggradational conditions are rare (e.g., Ponce and Carmona, 2011; Ventra et al., 2015;  Table DR3 ).
In conclusion, this unique combination of flow monitoring, repeat mapping, and deposit sampling enables accurate identification of crescentic bedforms and supercritical flow deposits within proximal submarine channels.
